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:? AB$TRACT(mau2wi-"Three optical switching elements have been designed. fabricated and tested for use in an integrated, optical signal processor. The first, an optical NOR logic gate uses gain quenching as a means of allowing one (or more) light beam(s) to control .he output light.
This technique, along with the use of a two pad bistable output laser, is used in demonstrating the feasibility of the second device, an all optical RS flip flop.
The third device consists of a broad area orthogonal mode switching laser, whose corollary outputs correspond to the sign of the voltage difference between its two high impedance electrical inputs. This device also has possible memory applications if bistable mode switching within the broad area laser can be achieved. 
SUBJECT TERMS
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The expanding use of optical signals to transfer data makes all optical signal processing desirable. 1
The thrust of this research has been to investigate the feasibility of using laser diode based in-plane optical switches as the building blocks for an optical processor. Such switching devices include optical logic gates and memory elements, as well as electrically controlled optical switches. The output of all the devices studied was provided by a semiconductor laser diode, while the on and off states of the laser diode was based on whether or not the round trip optical gain in the laser exceeded the round trip optical loss. External optical and/or electrical input controlled the gain and loss by means of optical gain quenching and/or optical saturation. 2 - 7 Memory elements require that the output laser be able to maintain two levels of output for the same biasing conditions (bistability). This was achieved by having the output laser cavity loss dependent on the cavity's internal optical intensity. Three switching devices were evaluated: an optical NOR gate" an optical RS flip flop; and a broad area orthogonal mode switching laser. All of the devices were fabricated from Graded Index Separate Confinement Heterostructure (GRINSCH) GaAs-AIGaAs Multiple Quantum Well wafers, as shown in Figure 1 . The grown cpitxial laser sructure used for alt of the devices in this study.
In the sections that follow, the theoretical and measured performance of each of the switches is presented.
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U. NOR LOGIC GATE
All Boolean logic can be performed with a combination of NOR pies. Figure 2 shows the optical N, NOR gate designed, fabricated. and tested for this study. The gate consists of three GaAs-AlGaAs heterostructure lasers operating at a wavelength of 860 rnm. The main laser can be quenched off by either 4 of the two side lasers for the NOR operation. Quenching occurs when light perpendicular to the main laser cavity is amplified by the main laser's gain medium. Since the perpendicular gain is no longer 0 available to amplify light traveling in the main laser, the round trp gain of the main laser decreases. If the round trip gain falls below the round trip loss, then the main laser will turn off. The main laser can be turned off by either a perpendicular laser intersecting its cavity or by an intersecting optical amplifier 0 coupled to an external optical inpuL For the purpose of this study intersecung laser cavities were used.
The design shown in Figure 2 improves upon previous designs by using hole coupled total internal reflection mirrors to control the internal loss/gain ratio while minimizing laser threshold currents. 
At
Approximately 80% of the optical power from the main laser can be quenched. Note the fairly linear decrease in main laser intensity as the side laser current increases. Also note that more side laser 3 current is required for larger main laser currents in order to maintain a constant amount of quench. The gate with the 24 mA thresi-,Ad for the main laser required larger quench currents than the gate with the 36 mA threshold for the main laser; in addition, this main laser could be quenched by no more than 50%.
The quenching can not be attributed to electrical crosstalk between the metal pads on the P+ surface of the wafer. Both the main and side lasers must be electrically biased in the same way.1 5 Therefore, electrical crosstalk would cause the current in one laser to increase as the current in the others increase.
If this was the case, the power emitted from the main laser would increase with increasing side laser power. Any resistance in the N-layer or in the circuit connecting the metal on the N-layer on the bottom of the wafer could give rise to curves which resemble the quench curves of Figure 4 . however, based on the doping level, the thickness of the N-layer, 17 and the device sizes, the typical resistance in this layer is on the order of 0.1 fU. Any voltage drop across this resistance would be relatively small and could not account for the quench data, and therefore, the quenching shown in Figure 4 is in all likeliness due to true gain quenching.
The gain quenching curves in Figure 4 can be divided into three regions; the spontaneous emission region (SPR), the linear region (LR), and the side laser saturation region (SR). The SPR corresponds to side laser currents smaller than -5OmA. This corresponds to when the side laser is below its threshold current, and thus no coherent light intersects the main cavity. This would be similar to an intersecting optical amplifier with zero input. In either case zero input yields a high output on the main laser. In the LR region, were the side laser is beginning to lase, the irradiance from main laser linearly decreases.
This linear decrease occurs as a result of the probabilistic nature of the interaction between light and the electron-hole transitions in the common gain region. A photon from either the side or main laser can stimulate the emission of a photon in such a way that the wave vector of this emission is parallel to either the quench or main laser cavity respectively. The photon density in the side laser is linearly proportional to the side laser pump current for currents above threshold and below saturation. Thus the probability of 0
interaction between photons from the side laser and electron-hole pairs in the common cavity increases linearly. As the side laser current increases, the common cavity region produces more photons with wave vectors parallel to the side laser and less with wave vectors parallel to the main laser. The main laser loses the contribution of the common cavity to its gain, with the loss being linear to side laser current.
Thus the main laser output decreases linearly in the LR. The SR occurs either when the gain in the side laser saturates or when the common gain region is fully quenched. The intensity at which the output of 0 the main laser saturates can be lowered by either increasing the length of the side laser (or amplifier) or by increasing the percentage of the main laser gain region which is intersected by the side laser. This minimum intensity of the main laser defines the "zero" output state of the logic gate. 0
HIl. RS FLIP FLOP
If the main laser of the NOR gate described in the previous section is made bistable by the means of 0 an intensity dependent saturable absorber, the resulting device would be an optical RS flip flop: The side laser would reset the main laser to the zero state, while a high intensity beam coupled into the main laser itself would set it back to the high state. could be replaced by optical amplifiers coupled to external optical inputs. As with the NOR gate, these lasers are monolithically integrated on AIGaAs-GaAs quantum well heterostructure; emitting at 860 nm. 0
The main cavity has one Total Internal Reflection (MIR) mirror 7 and a flat etched mirror which separates it from the pump laser.
Reflections can occur at the discontinuity in the index of refra(uon accompanying the electrical isolation between the pumped and unpumped regions; thus the cut across • the electrode is angled to inhibit the formation of a shorter cavity within the main cavity. The quench laser is divided into two parts across the gain region of the main laser 7 so that the quench and main laser Assume that initially the output of the main laser corresponds to a point on the lower branch of the hysteresis loop. A momentary optical pulse from the pump laser bleaches the absorber, lowers the threshold current below point M and, therefore, sets the output to the upper branch of the hysteresis loop. The bistable nature of the gain-absorber pair ensures that the output will remain on the upper branch for times longer than the width of the pulse. When a momentary optical pulse from the quench laser stimulates emission in the common cavity, the wavevector of this stimulated emission is parallel to the cavity of the quench laser instead of the main laser. This process reduces gain in the main cavity, raises the lasing threshold current and, thereby, resets the output of the main laser to the lower branch of the hysteresis curve. In one series of expenments, ridge guided gain-absorber pairs were tested for hysteresis in the 1 -1 characteristics. These pairs included those with (1) wet and CAIBE etched waveguides, (21 varnous lengths of gain and saturable absorber sections and (3) single and multimode waveguides. Hysteresis w.as not observed in any of the ridge guided devices.
In another senes of experiments, hysteresis w&,, observed in devices with gain guided gain sections and unguided saturable absorbers; these devices are depicted in Figure 6 . The loops can not be attributed to heaung effects as the system would transverse the loop in a clockwise direction rather than the counter clockwise direction observed for these loops. In Figure 8 . no attempt was made to correct for RC effects, which probably dominate beyond about -0.6 volts. In the optimum saturable absorber biasing region, between zero and -0.6 volts.
RC effects are not dominant.
It was observed that the positon of the single mode fiber strongly influenced the shape of the observed L-I curves. We attributed this behavior to muluple spatial modes in the laser displaying differing degrees of bistability.
Hysteresis in the optimized gain-absorber pairs can be attributed to optical saturation within the saturable absorber. The component of the round trip loss due to the saturable absorber decreases with increasing photon density. The photon density becomes orders of magnitudes larger when a laser's round Thus the laser will require a high photon density (large current) to turn on, yet will remain on , if the photon density (pump current) is reduced below the initial value required. When the photon density decreases to the point that the saturable absorber is no longer saturated, the device will turn off.
The voltage dependence of the loop width can be attributed to the quantum confined stark effect. The fact that the hysteresis was not observed for saturable absorbers with ridge waveguiding is most likely due to the guided spontaneous emission from the gain section saturating the absorber before the lasers reached threshold conditions. In this case loss due to the saturable absorber would be constant and no bistability would be observed. The gain guided structure greatly decreases the spontaneous emission entering the absorber section. and thus is less likely to saturate prematurely. Another possibility contnbuung factor could be intensity dependent self focusing of the light in a unguided saturable absorber due to spatial hole burning.
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Combining the results of Figure 7 with that of Figure 4 shows the feasibility of the use of saturable absorption and gain quenching to facilitate RS flip flop operation.
IV. BROAD AREA ORTHOGONAL MODE SWITCHING LASER
The third device, a Broad Area Orthogonal Mode Switching Laser (BAOMSL), shown in Figure 9, consists of a new single element, broad area, semiconductor laser with differential voltage control. 8 
10
With mirrors on all four sides, this laser can operate in orthogonal directions, each competing for the same gain. I Each of the two orthogonal cavities contains a saturable absorber which controls each 0 cavities' round trip loss. Both cavities compete for the same gain; the cavity with the lowest internal loss will lase. A patterned SiO, layer under the gain section metalliz.ation delineates two orthogonally intersecting gain guided arrays (GGA). eliminating the possibility of circular modes. The gain section RIGHT: Spectra for GOA laser emission through the grounded saturable absorber; the voltage on the other saturable absorber vanes. Reverse biasing Vx causes blue shifts in the spectrum and an increase in the peak intensity. Figure 10 shows the emission spectra for the GGA BAOMSL with drive currents of 150 mA for various modulator biases voltages. Note that increasing the reverse bias voltage of either absorber section will make it harder for the device to lase in the direction transverse to the absorber and easier for the device to lase parallel to the absorber. Since both laser cavities are competing for the same gain, the cavity with the lower reverse bias transversing it Aill lase, while the cavity with the higher reverse bias will turn off. Thus this device ac•s as a differential voltage comparator with corollary output. If the absorbers could be made to saturate, as described in section I11. this device could also be used as a memory element.
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In order to show the importance of the gain guided array to the funcuon of this device similar measurements were taken on a BAOMSL with the gain area uniformly pumped (UP) The results are shown on Figure II . In contrast to the GGA laser, reverse bias applied to either modulator of the UP laser extinguishes all laser oscillation. This suggests that the two orthogonal cavities in the UP laser are strongly coupled and thus act as only one cavity.
WAVBZRN3T 'mWAVEE~a3T hi Figure 11 : LEFT: Spectra for UP laser emission hrough Lhs saftsve absrber with variable voltage Vf; the oter saun-able absorber is grounded. RIGHT. Spectra for UP lasa emission through the gpounded sansrable absorber, the voltage on the odmr unrable absober varies. The dcmuinana mode for tLe UP laer is near 860 rm, comnpoW to 8635 mn for a GGA laser of similar dimensions.
V. DISCUSSION
These results show that optical switching based on controlling the net round trip gain/loss of a semiconductor laser is feasible for a wide array of applications. The practicality of integrating such switches into systems greatly depends on improving the quality of the devices. The measured performance of the individual devices reported on represents an ongoing effort in device optimization.
Still, the operating currents presented may be impractical for large scale integration; electrical isolation still needs to be improved; and device yield and life time need to be addressed. These issues have driven an effort to improve basic device performance levels by means of improved device processing techniques. It is highly likely that these device parameters can be improved to acceptable limits, and therefore should not detract from the evaluation of the switching mechanisms in general.
VI. SUMMARY AND CONCLUSIONS
Three laser diode based optical switches were designed. fabricated, and tested. The first, a NOR gate, successfully demonstrated that a laser diode can be turned off by high intensity coherent light intersecting it. For the second device it was shown that if such a laser diode was made bistable, an optical RS flip flop could be fabricated. The third device, a broad area orthogonal mode switching laser, demonstrated that gain quenching could be used to fabricate a laser with two corollary outputs. The future of such devices depends on addressing the systems issues which hinder their ultimate practicality. 
